heart disease is one of the more common causes of brain abscesses in children.
The prevalence of brain abscesses in children with cyanotic congenital heart disease is 6-51%. 19, 27, 35, 54, 55, 91, 102, 108 Of patients diagnosed with a brain abscess, 30-34% have underlying heart defects. 1, 19, 82, 91, 102, 108, 110 Pronounced right-toleft shunting secondary to cardiac defects increases the risk of brain abscesses via paradoxical emboli. 78, 99 Tetralogy of Fallot, 19, 102, 108 transposition of the great vessels, atrial septal defects, ventricular septal defects, and the Eisenmenger complex are other cardiac anomalies known to predispose children to brain abscesses. Although rare, a persistent left superior vena cava may also lead to a brain abscess because in patients with this abnormality, venous blood from the left arm and left side of the head drains directly into the left atrium, resulting in a right-to-left shunt. 26 Endocarditis, bacteremia, chronic pulmonary infections, bronchiectasis, immunodeficiency, osteomyelitis, skin pustules, and folliculitis are other sources of hematogenous dissemination that can lead to metastatic brain abscesses in children. 19, 82 Available data indicate that the underlying cause of brain abscesses is endocarditis in 9-10% of patients, bacteremia in 8%, immune deficiency in 12%, skin follicultis in 1-3%, and pulmonary infection in 0.7-9.8%. 1, 19, 82, 102, 108, 110 Pulmonary foreign bodies aspirated by children can lead to hematogenous seeding of the brain with bacteria and the subsequent development of abscesses.
The contiguous spread of infection into the cerebral parenchyma is another significant cause of brain abscesses in children. Otitis media, sinusitis, mastoiditis, dental infections, and meningitis are predisposing factors. Brain abscesses are a sequela in 6-8% of sinusitis cases and in 6-10% of otitis media and mastoiditis cases. 19, 110 The intracranial extension of infections represents a serious complication of these pathological processes. Temporal lobe or cerebellar abscesses can occur by direct extension of infection via the tegmen tympani, or translabyrinthine spread in otitis media or mastoiditis. Frontal or temporal lobe abscesses can occur with direct spread of infection caused by paranasal sinusitis. It has been hypothesized that the anatomy of the paranasal sinuses provides a favorable environment for the intracranial extension of infection. Venous mucosal drainage occurs through the small diploic veins extending through the bony sinus wall, which communicate with the venous plexuses of the dura mater of the inner table, the periorbita for the orbital plate, and the cranial periosteum for the outer table. This connection between the extra-and intracranial venous systems may account for the transmission of infection through a retrograde thrombophlebitis. 3, 36, 40, 70 Furthermore, meningitis is an underlying cause of intracranial abscesses in 12-36% of cases, particularly in infants and toddlers. 19, 27, 84, 108 Penetrating head injuries also make children susceptible to intracerebral abscess formation, because retained debris and/or bone fragments can serve as a nidus of infection. Approximately 4-13% of brain abscesses in children are a result of cranial injuries. 19, 28, 108 For example, many children have sustained penetrating ocular injuries as a result of experimenting with sharp objects such as pencils and sticks, and intracranial extension may lead to an abscess. 4, 32, 43 The incidence of brain abscesses secondary to penetrating cranial injuries in children has been reported to range from 4.8 to 16%. 19, 27, 102, 108 Shunt infection is a known risk of hardware placement for hydrocephalus. Although a rare phenomenon, there have been reports of brain abscesses in children that result from colonic perforation and ascending shunt infection. 31, 38, 48, 76, 92 Recently, Ersahin and Yurtseven 29 reported on the case of a child in whom a brain abscess resulted from an untreated shunt infection rather than colonic perforation.
Clinical Presentation and Diagnosis
The clinical signs and symptoms in children with brain abscesses are contingent on the location and size of the lesion, presence of surrounding edema, virulence of the 42, 46, 102, 108 An altered level of consciousness may be present. Intraventricular rupture of the abscess or herniation may be indicated by exacerbation of a headache or a decline in the child's Glascow Coma Scale score, particularly in the context of meningeal signs. 65, 88 Neonates frequently present with signs of infection and increased intracranial pressure, seizures, and increased head circumference with bulging fontanelles. 21, 80 Additionally, children with brainstem abscesses typically present with fever and headache early in the infectious course, and paresis and cranial nerve palsies subsequently develop, especially involving CNs III, VI, and VII. 99 Classic brainstem syndromes are not frequently observed because the lesions are more likely to elongate into the brainstem than expand laterally. 16, 78, 99, 106 The location of the abscess determines the focal neurological signs, which can include paresis, visual field deficits, CN palsies, nystagmus, and/or cerebellar ataxia. Papilledema has been reported in 41-70% of cases. 42, 108 The incidence of hemiparesis has been shown to be higher in children than in adults, which was demonstrated to be the result of a higher frequency of metastatic abscesses seeding eloquent areas of brain. 19 Moreover, larger abscesses may be associated with a significant mass effect and vasogenic edema. This may cause symptoms related to increased intracranial pressure, impending herniation, and/or neurological deficits from deletrious effects on adjacent eloquent cortex.
Peripheral leukocytosis, an elevated erythrocyte sedimentation rate, and elevated C-reactive protein can be found in most children with brain abscesses. A mass effect associated with brain abscesses is a strong contraindication for lumbar puncture, and published reports provide a consensus that cerebrospinal fluid findings are nonspecific. 19 Blood cultures are infrequently positive for bacteria, as these results depend on the source of the infection, such as bacteremia, but should be obtained in all cases prior to antibiotic treatment. 18 
Imaging Diagnosis of Brain Abscesses
Computed tomography imaging has proved a valuable asset in the diagnosis of brain abscesses. This imaging modality allows localization of the abscess and demonstration of any associated edema or mass effect. Depending on the stage of the abscess, the lesion typically has a hypodense center with ring enhancement on contrast-enhanced studies. The sensitivity of CT has been shown to be between 95 and 99%, and the specificity is decreased because of the difficulty in differentiating these lesions from other pathological processes such as tumors, cysticercosis, tuberculomas, or some vascular lesions. 47, 67, 78, 107 In cases in which the diagnosis is questionable, radiolabeled leukocyte scanning can be utilized. There have been reports of good diagnostic accuracy with this modality. 6, 75 Magnetic resonance imaging can be used to demonstrate even more anatomical detail and with superior resolution than CT scanning. Abscesses appear slightly hypointense on T1-weighted and hyperintense on T2-weighted images. On contrast-enhanced T1-weighted images, the lesion has a hypointense center and ring enhancement. Similar to CT, this imaging modality's specificity may be compromised in differentiating abscesses from other lesions with similar imaging characteristics. The advantages of MR imaging over CT include better differentiation of edema from liquefactive necrosis, greater sensitivity for early satellite lesions, and more sensitivity in the detection of early cerebritis. 19, 88 Diffusion-weighted imaging has been shown to be a useful additional diagnostic modality in identifying brain abscesses. 13, 30, 57, 69, 79 Restricted diffusion in brain abscesses has been assumed to be a consequence of inflammatory cells, necrotic debris, and the viscosity of the purulent material contained within the abscess; however, Mishra et al. 69 showed that viable cell density is the main biological parameter responsible for restricted diffusion in brain abscesses.
Staging and Pathogenesis
An animal model that resembles the pathophysiology in humans was examined on CT and used to track the stages of abscess development (Table 2) . 11, 25 During the first 3 days of infection in the early cerebritis stage, an inflammatory response occurs with developing central necrosis and peripheral edema. The area is not well defined, and a CT scan may demonstrate normal findings, a hypodense area, or minimal enhancement with contrast addition. Between Days 4 and 9 of the infection, the late cerebritis stage oc-
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Microbiological Characteristics
In addition to clinical and imaging data, the attainment of material from the lesion via either stereotactic aspiration or craniotomy can play a significant role in the diagnosis of brain abscesses. The microbial pathogens involved in the formation of brain abscesses vary and depend on the underlying source of infection. Gram-positive cocci such as Staphylococci, Streptococci, and Peptostreptococci spp. are the most common causative agents found in pediatric brain abscesses, followed by gram-negative bacilli, including Klebsiella, Escherichia coli, Salmonella, Bacteroides, Haemophilus, and Proteus spp. 10, 19, 27, 100, 102, 108, 110 The authors of a recent report noted that Citrobacter was found predominantly in neonates, while fungal pathogens were found more frequently in immunocompromised patients. 37 
Surgical and Medical Management of Abscesses
There have been no randomized, controlled trials of the various treatments for brain abscesses. Available information for treatment options is therefore not based on Class I data, with the possible exception of experimental data concerning corticosteroids. 73, 77 The management of brain abscesses may be influenced by the neurological status of the patient, the location of the abscess, the number and size of the abscesses, and the stage of abscess formation. 59, 61, 91 In the following sections we discuss the various treatment options for brain abscesses.
Medical Management
Brain abscesses in children should be managed by a multidisciplinary team that includes neurosurgeons and infectious disease practitioners. Systemic treatment with antibiotic agents plays a critical role in the treatment of these lesions. Patients usually receive a minimum 6-to 8-week course of intravenous antibiotics, which may be prolonged depending on the clinical context, such as in immunocompromised patients. Empiric antibiotic treatment with broadspectrum agents is usually started until intraoperative cultures can be obtained, allowing tailoring of the antimicrobial agents to the identified pathogens. If possible, antibiotics should be held until after surgery to reduce the possibility of a sterile culture obtained intraoperatively.
In patients who are treated by nonsurgical means only, specimens for culture will not be available. These include patients with surgically inaccessible lesions, early cerebritis, multiple small abscesses, or medical comorbidities that would classify the patient as high risk. 19, 108 Therefore, broad-spectrum antibiotics would be needed in these cases in an attempt to target several microorganisms. Serial imaging studies are conducted to assess the effectiveness of antibiotic therapy.
Corticosteroid use in the management of brain abscesses is controversial because steroids are known to inhibit the immune responses that play a role in limiting brain abscesses. 84 The use of steroids is generally considered indicated when there is considerable mass effect secondary to significant cerebral edema leading to neurological deficits and/or impending herniation. 107 
Surgical Management
Stereotactic Aspiration. Operative management provides therapeutic and diagnostic benefits in patients with brain abscesses. 19 There is relief of mass effect for larger, encapsulated abscesses, and cultures can be obtained. Typically, abscesses Ͼ 2.5 cm require surgical intervention. Imageguided stereotactic aspiration with antibiotic irrigation of the abscess cavity is a treatment modality that can be performed in a minimally invasive manner. Stereotactic aspiration can be conducted at any stage of evolution of the abscess, and a biopsy may yield positive cultures in the early cerebritis stage. 61 This technique allows access to multiple and deep-seated abscesses, has a low complication rate, permits a minimal craniotomy, and allows multiple aspirations, if needed. 5, 17, 96 Stereotactic aspiration has been demonstrated to have a diagnostic yield of 95%. 90 Although minimally invasive, stereotactic aspiration is not without risk, including the development of an intracerebral hematoma and the rupture of the abscess into the ventricle or subarachnoid space. 19 Craniotomy. Image-guided stereotactic craniotomy for extirpation of the abscess is considered beneficial in some cases of fungal or multiloculated abscesses, and in cases of failed resolution after multiple aspirations. 19 In some cases, the abscess can be drained under ultrasonographic guidance after the craniotomy is performed (Fig. 1) . If the abscess is superficial and located close to the surface of the brain, a small craniotomy or bur hole may be used for abscess drainage (Fig. 2) . Brain abscesses secondary to traumatic head injuries should be considered strongly for surgical excision because of the possibility of retained foreign bodies and/or bone fragments. 81 Disadvantages to a craniotomy include its lack of suitability for lesions of the eloquent cortex, abscesses in the cerebritis stage, or those in children considered surgically high risk. 86 Moreover, intraventricular rupture of an abscess, evident due to hydrocephalus and enhancement of ventricular walls, requires surgical debridement, ventricular drainage, and intraventricular and systemic antibiotic treatment. 19, 112 Alterations in the level of consciousness may herald impending herniation and should prompt surgical drainage of the abscess to alleviate mass effect. 19, 24 Neuroendoscopy. Neuroendoscopic drainage of brain abscesses is another possible treatment for brain abscesses. This technique allows the neurosurgeon to inspect and directly view the aspiration of the purulent collection, unlike stereotactic aspiration in which there is a lack of direct visual control. 33, 41, 50, 60 In addition, multiloculated abscesses could possibly be treated with the endoscopic technique. Recently, Longatti et al. 60 reported that neuroendoscopic drainage of 4 brain abscesses did not differ significantly from cases performed with stereotactic aspiration in terms of the number of postoperative CT scans, length of hospital stay, and duration of antibiotic therapy. Further studies are needed to compare the efficacy of neuroendoscopy with stereotactic aspiration.
Lesion Location
Cerebrum. The optimal management of intracerebral abscesses varies according to lesion size, location, and stage. Stereotactic aspiration may be performed for abscesses in the cerebritis stage. Lesions Ͻ 2.5 cm in diameter may be managed with antibiotics and stereotactic aspiration for identification of a microorganism, while a diameter Ͼ 2.5 cm may warrant stereotactic aspiration or surgical excision, contigent on proximity to or location within the eloquent cortex. Stereotactic aspiration of deep-seated abscesses may be more appropriate, and judicious management must be used in the treatment of lesions located in critical areas, such as in speech areas and the motor cortex. Large abscesses with a significant mass effect should be decompressed through the safest treatment modality, such as stereotactic aspiration for abscesses located in eloquent areas.
Cerebellum. Cerebellar abscesses are usually resected via craniotomy, especially when the lesion is associated with mass effect, edema, and/or obstructive hydrocephalus. However, controversy persists over the optimal management: stereotactic aspiration or surgical extirpation.
2 A large size and/or the presence of edema can have a pronounced effect due to the small volume of the posterior fossa. The condition of neurologically intact patients can rapidly deteriorate to a comatose state due to obstructive hydrocephalus and/or mass effect on the brainstem. 2, 12, 42, 103 A wide decompression of the posterior fossa has been advocated because of the precarious state of a cerebellar abscess in the small volume of the posterior fossa. 2, 39 In 1973, Bhatia et al. 8 reviewed 55 cases of brain abscesses, in which 11 were located in the posterior fossa. The mortality rate was 50% among patients treated with aspiration, compared with 15% after surgical excision. In 1975, another study demonstrated surgical excision of cerebellar abscesses to be marginally better than aspiration. 94 In a report published in 1994, Brydon and Hardwidge 12 found that patients who underwent resection for brain abscess did not need subsequent surgical treatment for hydrocephalus, in contrast to some of those who underwent aspiration. This find-
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Brain abscesses in children ing was statistically significant. Agrawal et al. 2 reported on the cases of 9 children who underwent surgical excision of cerebellar abscesses, and there were no deaths in their series. Hydrocephalus developed in 3 of their patients, but only 1 required shunt placement for cerebrospinal fluid diversion. They concluded from their results-albeit a small series-that primary excision can significantly reduce complications, deaths, and hospital costs due to shorter hospital stays. Moreover, in cerebellar abscesses caused by otogenic abscesses secondary to chronic otitis media, operative planning for a mastoidectomy with an otolaryngologist should be done to coordinate the timing of treatment for each lesion, although much debate remains as to whether the mastoidectomy should be performed preoperatively, concurrently, or postoperatively in cases in which a craniotomy is performed for the cerebellar abscess. 2, 56, 94, 95, 109 Brainstem. Brainstem abscesses are generally treated with stereotactic aspiration and antibiotic therapy, although there are no concrete data about the optimal management. Fewer than 1% of brain abscesses are located in the brainstem, and these were considered lethal prior to 1974. 7, 44, 78, 85, 99, 106 Since 1974, 12 children who underwent treatment for brainstem abscesses with stereotactic aspiration, microsurgery, or antibiotic therapy alone have been reported with good outcomes. 20, 34, 45, 47, 52, 66, 72, 78, 85, 99, 104, 105 Stereotactic drainage has been performed through the right paramedian precoronal frontal or suboccipital transcerebellar approaches. 34, 71, 72 Potential problems associated with the stereotactic aspiration of brain abscesses include incomplete evacuation because of thick purulent materal or multiloculations, and/or hemorrhage of the abscess capsule. 87, 99 Open microsurgery can reduce mass effect on the brainstem and provides direct visual control of the collapse of the abscess as an indication of complete evacuation of the pus; penetration of the abscess at the point of the highest fluctuation decreases the risk of brain stem damage. 47, 99 High-risk surgical patients or neurologically stable patients with a brainstem abscess of Ͻ 2 cm diameter may be treated medically with antibiotic therapy and serial imaging follow-up.
Management of Multiple Brain Abscesses
The management of patients with multiple brain abscesses has generated much debate, and the incidence is reported at 10-50%. 19 Stereotactic aspiration or surgical excision should be performed for abscesses larger than 2.5 cm or smaller lesions that are causing a significant mass effect. If there are no abscesses larger than 2.5 cm in diameter, then the largest abscess should be stereotactically aspirated for the purpose of cultures. 63 The duration of the antibiotics course is usually 6-8 weeks and longer for immunocompromised patients. Serial imaging is conducted on a weekly basis or immediately if there is a decline in the patient's neurological status. A decline in the patient's clinical status, enlargement of the abscess after 2 weeks of antibiotics, or the observation of no reduction in the size of the abscess after 4 weeks of antibiotic therapy should warrant a repeated operation.
19

Management of Recurrent Brain Abscesses
Abscess recurrence has been found to be more common after aspiration than surgical extirpation. The incidence after stereotactic aspiration ranges from 3-25% compared with 0-6% after excision. 73 Medical management alone of large abscesses is usually inadequate and tends to lead to recurrence. Aspiration of some fungal abscesses may require repeated operation via surgical excision. Brain abscesses secondary to cranial trauma tend to recur if surgical excision is not performed because the bone fragments and/or foreign bodies are retained. Additionally, the lack of appropriate antimicrobial coverage for the abscess and/or failure to treat the sources of the infection can predispose patients to recurrence.
Role of Imaging During Treatment
Serial imaging studies are crucial in assessing the efficacy of treatment. Interval CT or MR images should be obtained to examine the imaging characteristics of the abscesses on a weekly or biweekly schedule. Complete resolution of the abscess and associated abnormal contrast enhancement may take up to 12-16 weeks, and a small area of residual contrast enhancement may be present for up to 6 months after antibiotic therapy alone or in combination with stereotactic aspiration or surgical drainage via craniotomy (Fig. 3) . 19, 88 The size of the abscess decreases in 1-4 weeks with antibiotic therapy alone or in combination with stereotactic aspiration, and 95% of abscesses that resolve with antibiotic treatment alone demonstrate a reduction in size within a month.
19
Seizures
Seizures occur in 10-72% of patients with brain abscesses and in up to 50-70% of patients treated with surgical excision. 58, 74 In a majority of children with brain abscesses, the onset of seizures is delayed, with only 50% occurring within the first year after treatment.
14 Legg et al. 58 reported that initial seizures appear to occur after a longer latency period in children younger than 10 years old. It has been reported that the mean latency period is ~ 3 years, and anticonvulsant agents are generally efficacious in controlling seizures. Early aspiration is advocated in infants because of the propensity for early seizures with meningitis and hydrocephalus, all of which portend a poor prognosis. 19 Perioperative and postoperative medical antiepileptic therapy is generally recommended, and the duration of this therapy should be tailored individually.
Prognosis
Although there have been significant advances in the treatment and diagnosis of brain abscesses, the associated rates of mortality and morbidity continue to be significant. The overall outcome in children with brain abscesses is determined by a myriad of factors, such as the virulence of the pathogen, the location and number of the abscesses, the underlying source of infection, and the clinical status of the patient at the time of presentation. The patient's neurological status at presentation has been shown to be a significant predictor of outcome with an increased mortality rate in those who present with altered mental status and rapid neurological deterioration. 64, 88, 89, 107 Prior to the antibiotic era, the mortality rate ranged from 40 to 60%. With the advent of antimicrobial agents, improved culturing techniques, and imaging modalities leading to earlier detection and better surgical localization, current death rates have been reported in the 4-12% range. 19, 22, 64 A large number of the complications and deaths in children with brain abscesses may be attributable to multiple abscesses, the presence of low Glascow Coma Scale scores, and/or meningitis. 19 Moreover, many authors have reported that brain abscesses in children cause cognitive deficits. 14, 15, 19 These authors also document that a poorer prognosis in terms of normal intellectual development is expected in younger children
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Brain abscesses in children with brain abscesses. Because earlier detection may affect rates of morbidity and mortality, children with neurological deficits, altered mental status, headaches, and/or seizures should be evaluated for a brain abscess, particularly if the patient has a predisposing factor such as sinusitis, congenital heart disease, otitis media, or an immunocompromised state.
Overall, a worse prognosis has been found in patients with multiple deep-seated and/or large abscesses, intraventricular rupture, congenital heart disease, hydrocephalus, poor neurological status, and associated meningitis. Neonates and infants have a much worse prognosis, as do those in whom there was an initial error in diagnosis and/or an unknown source of infection. 9, 49, 61, 64, 93, 97, 101, 102, 111 Conclusions Although brain abscesses arise infrequently in children, the rates of morbidity and mortality in this population are significant. Advances in antibiotic therapy, culturing procedures, and operative techniques, combined with earlier detection made possible through the development of imaging modalities have led to significant progress in the treatment of this disease. Clinicians should have a high clinical index of suspicion for brain abscesses in children with seizures, persistent fevers, alterations in mental status, headaches, neurological deficits, a known source of infection, an immunocompromised state, history of head trauma, and/or congenital heart disease. The high clinical index of suspicion is important because earlier detection may improve outcome. A multidisciplinary team approach, including neurosurgeons, pediatricians, and infectious disease specialists, should be utilized when these lesions are encountered in children. Stereotactic-guided aspiration is useful, but endoscopic drainage may be used more frequently in the future as a greater number of surgeons become comfortable with this technique, as it allows direct visualization during drainage of the purulent material. Craniotomy for this entity should be performed in the appropriate clinical context, taking into consideration various factors including multiloculated abscesses, traumatic head injuries, recurrences after multiple aspirations, fungal abscesses, and cerebellar lesions with significant mass effect, among others. During the treatment regimen, serial imaging is important in the assessment of efficacy. Ultimately, the multidisciplinary team must tailor the treatment based upon the clinical scenario of a patient, with the neurosurgeon playing a vital role in determining the type of operative procedures to be performed, if any.
